We have achieved a sustained calculation speed of 281 Tflops for the optimization of the 3-D structures of proteins from the X-ray experimental data by the Genetic AlgorithmDirect Space (GA-DS) method. In this calculation we used MDGRAPE-3, special-purpose computer for molecular simulations, with the peak performance of 752 Tflops. In the GA-DS method, a set of selected parameters which define the crystal structures of proteins is optimized by the Genetic Algorithm. As a criterion to estimate the model parameters, we used the reliability factor R 1 which indicates the statistical difference between the calculated and the measured diffraction data. To evaluate this factor it is necessary to reconstruct the diffraction patterns of the model structures every time the model is updated. Therefore, in this method the nonequispaced Discrete Fourier Transformation (DFT) used to calculate the diffraction patterns dominates most of the computation time. To accelerate DFT calculations, we used the special-purpose computer, MDGRAPE-3. A molecule, Carbamoyl-Phosphate Synthetase was investigated. The final reliability factors were much smaller than the typical values obtained in other methods such as the Molecular Replacement (MR) method. Our results successfully demonstrate that high-performance computing with GA-DS method on special-purpose computers is effective for the structure determination of biological molecules and the method has a potential to be widely used in near future.
Introduction
Protein molecules are nano-scale machines that perform various complicated functions including chemical reactions as enzymes in living cells. Their 3-D structures determine their properties and functions as nano-robots, similar to those in the macro-scale. The protein 3-D structure has traditionally provided the basis for understanding the functions and for applications in medicine and biotechnology such as protein engineering and structure-based drug design.
X-ray crystallography is extensively used in determination of the 3-D structures of protein. In recent years the speed of the determination of the 3-D structures is dramatically increased. One of the major bottlenecks of this process is the phase estimation of the X-ray diffraction data: the phases are lost in the X-ray diffraction data [1] . Such methods as Multiple or Single Isomorphous Replacement (MIR or SIR), Single-wavelength Anomalous Diffraction (SAD) [2] , Multiple Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage, and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. wavelength Anomalous Dispersion (MAD) [3] , and Molecular Replacement (MR) [4] are proposed and conventionally used. Among them only MR method is based fully on computational approach. Recently the MR method has become the most popular. In fact, 54% of the structures submitted to Protein Data Bank (PDB) in 2003 [5] are determined using the MR method.
The Molecular Replacement (MR) method uses the already-determined structure of a protein that has a substantial homology in their amino-acid sequence with a target protein [4] . The orientation of the molecule in an asymmetric unit is determined so as to fit to the experimental data in the Patterson map, which is a 3-D density map of the vectors between pairs of atoms. The latter is obtained by the Fourier transformation of the square of the reflections amplitudes. However, it is difficult to separate a vector from those of other pairs of atoms, since they are all concentrated at the origin of the map. As a result, the resolution remains poor compared with the sizes of the atoms.
On the other hand, the Direct Space (DS) method [6, 7, 8] compares intensity of each X-ray diffraction spot with that of the corresponding Bragg reflection calculated by the Fourier transformation from an assumed atomic model. Parameters of the molecules (positional coordinates and orientation angles) are often determined by the Genetic Algorithm (GA) [9, 10, 11] . We call this GA-DS method. This method can achieve much higher resolution, since an obvious assumption is used that a protein molecule are made of many atoms with proper X-ray atomic scattering factors. In fact GA-DS method is extensively used in powder diffraction analysis of crystal structures of small molecules [6, 7, 8, 10, 11] . The GA-DS method could be applied to more difficult cases, such as those when the quality of the data is relatively low or many molecules are contained in a unit cell.
In spite of many advantages of the GA-DS method it has not been applied to proteins, since prohibitively large computational resources are required in the case of large molecules. In this study we solved this difficulty by using advanced high-performance computing with special-purpose computer, MDGRAPE-3. With these machines the computation time was reduced to a realistic range of several hours. We chose two proteins whose 3D structures have been reported to test the GA-DS method: Carbamoyl-Phosphate Synthetase (PDB code 1kee [12] ). We prepared the initial model structures of the proteins by modifying their reported 3D structures. As a result we succeeded in recovering the reported structures as the best solutions of the GA-DS method. This paper presents the first application of DS method (and also GA-DS method) to protein molecules. MDGRAPE-3 [16] is special-purpose computers for molecular dynamics simulations. This is also capable of accelerating the calculation of nonequispaced Discrete Fourier Transformation (DFT), which dominates the computation time in GA-DS method. The Fast Fourier transformation (FFT) algorithm, usually used in the Fourier transformation, is not appropriate in this case. The calculation of the intensity of Bragg reflections requires the positional accuracy of 0.01 Å, which is ten thousands times smaller than that of a unit cell. Thus, the number of the grid points exceeds 10 12 , which is prohibitively large in terms of both memory and computational resources. Furthermore, the number of the diffraction spots (corresponding to the wavenumber vectors) is only of the order of a hundred thousands at most even in the case of a protein molecule. Since it is much smaller than the number of all the wavenumber vectors on grid (~10 12 ), FFT inevitably calculates the unnecessary wavenumber vectors.
In the present work we applied GA-DS method with MDGRAPE-3 to protein molecules to estimate phase in X-ray data. We successfully demonstrated the usefulness of GA-DS method and obtained a sustained calculation speed of 281 Tflops. This paper is organized as follows. In section 2 we describe GA-DS method. Section 3 gives an outline of MDGRAPE-3 systems. The results of structure determination and measured speed are described in sections 4 and 5 respectively. In section 6 we discuss potential ability of our method and future direction of protein structure determination.
Method of Calculation
We use GA (genetic Algorithm)-DS (Direct Space) method to fit the structure of a protein to the experimental X-ray diffraction data. In the following subsection we describe GA-DS method, the calculation of reliability factor, and the data set-up used in the present paper.
2-1 GA (genetic Algorithm)-DS (Direct

Space) method
The GA-DS method optimizes the 3-D structures of proteins. It is divided into four parts: creation of initial population, mating, mutation, and natural selection as depicted in Figure 1 . The initial population, composed of N p members, is created with a randomly generated set of the structure parameters (six in the present work). In the mating process, 2N m children are created from the mating of N m pairs of the parent randomly selected In the present work we adopted N p of 1,044, N m of 522, and N x of 522 for the large protein, Carbamoyl-Phosphate Synthetase. The number of generations was about 100.
2-2 Reliability factor, R 1
The reliability factor indicates the level of the difference between the calculated and measured diffraction data. It is calculated as , ) ( (1) where N w is the number of the experimental Bragg reflections, F o (h) is the observed structure factor and F c (h) is the calculated structure factor. Here |F c (h)| is calculated by the following equation
Initial population (N p ) Figure 2 : Block diagram (left) and photograph (right) of MDGRAPE-3 system used in the present work. It is composed of a host computer MDGRAPE-3 system. The host computer is a 174 dual-core CPU cluster of Intel Xeon processors. MDGRAPE-3 system consists of 348 boards with 12 MDGRAPE-3 chips and its peak performance is 302 Tflops.
where N is the number of atoms, r j is the position, f j (h) is the atomic scattering factor of the j-th atom and exp(-B j /4d h 2 ) is the thermal displacement factor. In this work, we assumed that fb jh is replaced by a look up table, and the equation (2) can be accelerated by MDGRAPE-3, as described in section 3.
2-3. Parameter set-up and initial model
We adopted Carbamoyl-Phosphate Synthetase as model cases to demonstrate the usefulness of GA-DS method. The structure models and diffraction data deposited in PDB are used in this study [PDB code 1kee] . The number of the Bragg reflections N w and atoms N used were 941,725 and 373,936, respectively.
The initial model of the molecular structure in GA-DS calculations is prepared as follows. Six parameters are necessary to express the 3-D molecular structure in a crystallographic unit cell, which are three position coordinates of the mass of gravity of the molecule (x, y, z), and three orientation angles (θ, φ, ψ). These six parameters are randomly chosen in the initial models. The position of each atom inside the molecule is fixed to the determined structure [PDB code 1kee].
MDGRAPE-3 and system
MDGRAPE-3 [16, 17, 18] was used for GA-DS method since they are capable of accelerating DFT enormously. This system was originally developed for the molecular dynamics (MD) simulations not for GA-DS method. In the MD simulation with the Ewald method [19] , MDGRAPE-3 calculates the pair-wise interactions in the real-space part and the wavenumber-space part. In the wavenumber-space part DFT and inverse DFT (IDFT) are performed.
The implementation of both functions into the same pipeline is realized as follows. MDGRAPE-3 pipeline calculates (Coulomb) potentials between atoms as ( )
where r ij 2 is the square distance between atoms i and j, q j is the charge of atom j, and G is an arbitrary smoothing function. If q j depends i, q j is replaced by 32 times 32 look up table indexed by group of i and j. In the Ewald (DFT) mode it calculates an inner product of the position and wavenumber vectors instead of the square distance. To avoid the round-off errors the calculation of the inner product is performed in the fixed precision format and the integral part of the inner product is ignored. When the function g is set to sin(2πx) or cos(2πx) and α is set to one, DFT calculation is performed by the pipeline. Thus, with a little addition to the hardware DFT can also be evaluated by the same pipeline for the force or potential calculations in molecular dynamics simulations.
The hardware setup used in the present work is shown in Figure 2 . The system is composed of a host computer and special-purpose computers. The system contains 348 MDGRAPE-3 boards each with 12 MDGRAPE-3 chips ( Figure  3) , and in total it has 4176 MDGRAPE-3 chips. The MDGRAPE-3 chip has 20 pipelines for the force calculation that operate at 250 MHz [17] . The peak performance of the chip for DFT calculation is 72.5 Gflops. For the Coulomb force calculations, it has a peak performance of 180 Gflops. Such a difference of the peak performance exists for the following reason. The actual speed of operations in the chip is similar for both calculations. However, the number of the floating point count needed for each calculation with a general-purpose computer differs. So, the equivalent speed of the chip changes depending on how many numbers of floating point operations is needed for the calculation. In DFT it needs 14.5 floating point operations (see section 5). On the other hand, 36 floating point operations necessary to calculate Coulomb force. Thus, the nominal peak performance of the current MDGRAPE-3 system is 302 Tflops for DFT calculations and 751 Tflops for MD simulations. The MDGRAPE-3 board and a host computer are connected by a dedicated interface `MD3link' with the bandwidth of 10 Gbit/sec (2.5Gbit/sec X 4) using Xilinx RocketIO. Each node of the dual-processor host computer has two interface cards attached to the PCI-X bus. The measured bandwidth was 800 Mbytes/sec per MD3link. Two MDGRAPE-3 boards are housed in a 2U-height chassis mounted on a standard 19-inch pedestal.
The host computer is composed of 87-nodes PC cluster, which consists of 80 dual-core dual-processor nodes of Intel Xeon 5150 2.66 GHz and 7 dual dual-core dual-processor nodes of Intel Xeon 5160 3.00 GHz (2 Gbytes memory). It has 348 cores in total. The host computer's aggregate peak performance is 3 Tflops. For the communications between the processors, MPICH over InfiniBand is used. For operating system we used Linux Kernel 2.6 on x86_64 architecture. The development cost of MDGRAPE-3 system is 8.6 million US dollars respectively.
The software for using the special-purpose computers is not very complicated. First, a FORTRAN program to calculate with GA-DS method was developed. Then the DFT part was modified to call the library routines provided with the special-purpose computers. Currently the libraries for FORTRAN and C are available. Table 1 
Result of structure determination for GA analysis
The evolution of R 1 in the genetic algorithm calculation for Carbamoyl-Phosphate Synthetase is shown in Figure 4 . The value of R 1 indicates the difference between the experimental and calculated data. It clearly shows that R 1 decrease drastically around 30 to 40 generations (Figure4). The value of R 1 in Carbamoyl-phosphate Synthetase is reduced to 31% after 41 generation. The difference between the PDB structure and present result is very small. The deviations between the PDB structure and the present result are 0.057Å in positional coordinates and 0.25 degrees in orientation angles at maximum. This fact shows GA-DS method should be much superior to MR method, because MR could not reach that accuracy. MR requires many trials by the multi-step grid search with changing the grid size, which requires huge computational time. GA-DS determines six parameters simultaneously, while MR treats three parameters at a time. MR requires usually two steps, which cause inefficiency of parameter search.
The best three structures at first generation and the final structure after 100 generations for Carbamoyl-Phosphate Synthetase are shown in Figure 5 . It is clear that the structures are completely different, which demonstrate the algorithm of GA-DS works very well. The distribution of 2 parameter (normalize positions of x and y) searched in GA process is shown in Figure 5 (e). It shows that these parameters are searched widely and intensively for a good value. It shows that The present GA-DS method boosted by the special-purpose computer, MDGRAPE-3 seems promising method with both broader search space and higher accuracy of the parameters. (6) where N is the number of atoms. The number of floating-point operations between one position vector and one wavenumber vector in a DFT calculation (equations 5 and 6) are estimated as 29. It includes one sine, one cosine, five multiplications and four summations. Here we assumed ten floating-point operations for one sine or one cosine. The number of floating-point operations per one DFT is calculated as 29NN w , where N w is the number of wavenumber vectors. This estimation is exactly same as that of past Gordon Bell prize simulation [15] . The other calculations performed in the host computer are negligibly small compared to the DFT calculation.
We performed optimization of protein structure with the GA-DS method that includes 157,644 DFT calculations in 5,717 sec for the larger protein, Carbamoyl-Phosphate Synthetase. The breakdown of the DFT calculations is listed in Table 2 . The number of atoms N is 373,936 and the number of wavenumber vectors N w is 941,725 ( Table 2 ). The total number of floating point operations is estimated as 29NN w N DFT = 744,776x10 12 .
Therefore, the performance of this calculation is 281.6 Tflops. The efficiency is 281.6/302.8 = 0.930. 97.5% of calculation time is spent for calling the function "wg_DFT_with_kvec_atype". It means that almost all of time is spent to DFT and other operations are negligible. The efficiency of the function "wg_DFT_with_kvec_atype" is 0.95. Figure 6 shows the measured efficiency of the function "wg_DFT_with_kvec_atype" against N, where N w is equal to 2.5N. In the case of MDGRAPE-3 this efficiency is described by the following formula 
where t calc is equivalent to the calculation time for one floating point operation, t pre is the time of the preparation of data which includes data transfer between host PC and MDGRAPE-3, converting and packing data in the format of MDGRAPE-3, and t 0 is all other overheads. The curve shows this equation fitted to We also measured performance on the conventional CPU. We performed the DFT operation for one model parameter of Carbamoyl-Phosphate Synthetase on one CPU of a host PC (Xeon 3.2 GHz). The calculation time was 5.4 hours. If we use 52 CPU cluster, the full GA-DS operation for Carbamoyl-Phosphate Synthetase will take 7600 hours, over 10 months. To complete the GA-DS operation in a day, NN w must be 300 times smaller than Carbamoyl-Phosphate Synthetase. On the other hand, our 281 Tflops MDGRAPE-3 system can complete the GA-DS operation for 15 times lager protein than Carbamoyl-Phosphate Synthetase in a day.
Conclusion and Summary
In the present work we successfully recovered the structures of proteins by GA-DS method using the MDGRAPE-3 system. This clearly demonstrates the usefulness of the GA-DS method with a special-purpose computer for structure solution from X-ray diffraction data starting from a totally modified structure. Large molecules of more than a thousand residuals are good targets for GA-DS method with MDGRAPE-3. The number of such large protein molecules rapidly increases in the Protein Data Bank [5] . There are 180 proteins with more than 1000 residuals. The advanced high-performance computing with the special-purpose computer has a potential to become an important tool in the structural genomics/proteomics through large-scale applications of our methods.
